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(5)  Introduction: 

To  understand  abnormal  cell  behavior  in  cancer,  we  must  first  understand  normal  cell  behavior.  We  focus  on 
Drosophila  Armadillo  (Arm);  Arm  and  its  human  homolog  8-catenin  are  critical  for  normal  embryonic  development 
(reviewed  inPeifer,  1997).  Both  are  key  players  in  two  separable  biological  processes:  1)  They  are  components  of 
cell-cell  adhesive  junctions,  and  2)  they  act  in  transduction  of  Wingless/Wnt  (Wg/Wnt)  family  cell-cell  signals 
.(Peifer,  1995).  Mutations  in  B-catenin  or  its  regulators  are  early  steps  in  colon  cancer  and  melanoma.  We  use  the 
fruit  fly  as  our  model,  combining  classical  and  molecular  genetics  with  cell  biology  and  biochemistry.  We  take 
advantage  of  the  speed  and  ease  of  the  fly  system  and  of  its  synergy  with  vertebrate  cell  biology.  As  one  avenue  to 
reveal  Arm's  roles  in  adherens  junctions  and  transduction  of  Wg  signal,  we  are  identifying  and  examining  the 
function  of  proteins  with  which  Arm  physically  and/or  functionally  interacts.  Our  goal  is  to  precisely  define  Arm/8- 
catenin's  dual  roles,  ultimately  allowing  the  design  of  drugs  inhibiting  oncogenic  B-catenin.  Our  working  hypotheses 
are:  1)  Several  protein  partners  compete  to  bind  to  the  same  site  on  Arm;  the  affinity  of  Arm  for  different  partners  is 
adjusted  via  phosphorylation  of  these  partners,  and  2)  The  Arm:dTCF  complex  activates  Wg-responsive  genes;  dTCF 
represses  the  same  genes  in  the  absence  of  Arm.  We  will  integrate  approaches  at  all  levels  from  combinatorial 
chemistry  to  studying  gene  function  in  intact  animals,  using  fruit  flies  to  carry  out  a  functional  genomics  approach  to 
understanding  Arm  function,  and  then  transferring  this  knowledge  directly  to  the  mammalian  system.  Our  first  Aim 
is  to  understand  how  different  partners  interact  with  and  compete  with  one  another  for  binding  Arm,  and  how 
phosphorylation  regulates  this.  Our  second  Aim  focuses  on  how  the  Arm  partner  dTCF  positively  and  negatively 
regulates  Wg  responsive  genes. 

Specific  Aim  1.  Identify  the  sequence  determinants  mediating  the  binding  of  Armadillo/B-catenin's  protein 

partners  to  Armadillo/B-catenin. 

Specific  Aim  2.  Explore  the  mechanism  of  action  of  dTCF,  a  Wingless/Wnt  effector. 

We  have  made  significant  progress  on  both  of  these  Specific  Aims,  which  we  have  outlined  below. 

(6)  Body: 

Our  statement  of  work  for  the  first  aim  for  the  first  year  stated: 

Year  1 

1.  Minimize  interacting  regions  of  all  three  partners  and  begin  mutagenesis. 

2.  Carry  out  two-hybrid  screen  for  random  peptides  that  interact  with  Arm. 

3.  Mutagenize  &  test  in  two-hybrid  system  potential  phosphorylation  sites. 

At  the  time  of  submission,  we  knew  that  dAPC,  DE-cadherin,  and  dTCF,  all  can  bind  to  -260  amino  acids 
comprising  Arm's  Arm  repeats  3-8  .(Pai  et  al.,  1996;  van  de  Wetering  et  al.,  1997;  unpublished  data).  We  had  begun 
to  examine  the  regions  of  each  of  these  partner  proteins  which  bind  to  Arm.  At  that  time  we  knew  that  a  40  amino 
acid  region  of  the  DE-cadherin  cytoplasmic  tail, (Pai,  et  al.,  1996;  Fig.  1),  a  70  amino  acid  region  at  the  N-terminus  of 
dTCF, (van  de  Wetering  et  al.,  1997),  and  a  120  amino  acid  region  of  dAPC  were  sufficient  for  binding  to  Arm  (using 
the  yeast  two-hybrid  system  as  an  assay)..  We  have  substantially  extended  these  findings,  in  pursuit  of  task  1  in  the 
statement  of  work.  We  now  have  found  that  a  30  amino  acid  region  of  the  cadherin  tail  can  mediate  binding  (Fig.  1), 
and  we  are  currently  making  smaller  constructs  to  test  in  the  binding  assay.  We  have  also  found  that  a  42  amino  acid 
region  of  dTCF  can  mediate  interaction  with  Arm  (Fig.  2),  and  are  also  making  smaller  pieces  to  test  for  binding. 
Finally,  we  have  shown  that  31-34  amino  acid  pieces  of  dAPC,  carrying  individual  15  or  20  amino  acids  repeats 
(identified  as  the  B-catenin  binding  sites  in  human  APC),  can  also  bind  Arm,  and  that  they  each  bind  to  the  core  Arm 
repeat  region  (repeats  3-8).  In  studies  funded  by  the  NIH  and  the  HFSP,  we  have  identified  a  second  fly  APC 
protein,  which  we  call  dAPC2,(van  Es  et  al.,  1999).  We  have  extended  our  studies  to  this  protein,  and  have  found 
that  30-3 1  amino  acid  pieces  carrying  individual  15  and  20  amino  acid  repeats  of  dAPC2  are  also  sufficient  for  Arm 
binding. 

We  have  further  extended  these  observations  by  beginning  to  examine  the  sequence  requirements  for  Arm 
binding,  beginning  our  examination  by  focusing  on  the  DE-cadherin  target.  We  based  these  experiments  on  a  slight 
but  intriguing  sequence  similarity  between  Arm's  partners  (Fig.  1).  In  particular,  the  motif  SLSSL  is  conserved  in 
APC  and  cadherin.  This  is  of  special  interest  because  vertebrate  E-cadherin  and  APC  are  phosphorylated  in  this 
region,  most  likely  on  these  serines.  In  APC,  phosphorylation  of  these  serines  by  GSK-3  enhances  6-catenin  binding 
.(Rubinfeld  et  al.,  1996).  In  E-cadherin,  serines  in  the  region  are  phosphorylated  by  an  unknown  kinase;  mutation  of 
the  serines  to  alanine  blocks  B-catenin  binding  .(Stappert  and  Kemler,  1994).  We  thus  made  an  extensive  series  of 
site-directed  mutations  of  conserved  residues  (including  serines)  within  the  minimal  Arm  binding  region,  including  a 
small  deletion  and  clustered  point  mutations,  as  outlined  in  parts  one  and  three  of  the  statement  of  work.  To  our 
surprise,  most  of  these  mutations  do  not  block  binding  to  Arm  when  tested  in  the  context  of  the  full  length  cadherin 
tail  (Fig.  3).  This  suggests  that  multiple  points  of  contact  may  underlie  binding  and  that  changes  in  individual 
contact  sites  may  not  be  sufficient  to  block  the  interaction. 
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To  supplement  this  work  using  the  yeast  two-hybrid  system,  we  have  initiated  a  collaboration  with  Avri  Ben'Zeev 
and  Benny  Geiger  of  the  Weizmann  Institute  in  Israel.  They  have  begun  to  test  our  wild-type  and  mutant  DE- 
cadherin  constructs,  as  well  as  our  minimal  dAPC  and  dTCF  constructs,  for  their  ability  to  bind  to  B-catenin  in 
mammalian  cells,  when  expressed  as  GFP-fusion  proteins.  They  are  examining  the  localization  of  these  fusion 
proteins,  as  well  as  their  ability  to  block  destruction  of  endogenous  B-catenin  or  to  block  activation  by  the  B-catenin 
LEF  complex.  We  have  not  yet  begun  the  work  outlined  in  part  two  of  the  statement  of  work,  as  the  work  on  the 
other  sections  has  gone  well  and  we  have  chosen  to  focus  our  effort  on  these  sections. 

We  have  also  initiated  a  new  aspect  of  the  project.  In  order  for  Armadillo  or  B-catenin  to  interact  with  TCF 
family  members  and  activate  transcription,  they  must  enter  the  nucleus.  The  mechanism  by  which  this  occurs  is  of 
great  interest.  Both  proteins  lack  classical  NLS  sequences  and  thus  must  be  imported  by  a  novel  mechanism.  Work 
from  the  Gumbiner  lab  has  shown  that  B-catenin  can  import  itself  without  assistance  from  the  standard  importin- 
based  nuclear  import  machinery  .(Fagotto  et  al.,  1998).  Recently,  a  system  has  been  developed  which  allows  one  to 
assess  sequences  required  for  nuclear  import  in  yeast,  via  a  variant  of  the  yeast  two-hybrid  system  ,(Ueki  et  al.,  1998). 
The  workers  characterizing  this  system  found  that  the  C-terminal  half  of  B-catenin  could  direct  nuclear  import  of  a 
heterologous  protein.  We  have  obtained  these  vectors  and  have  begun  mapping  the  sequences  necessary  for 
Armadillo  nuclear  import-  when  we  have  completed  this  analysis,  we  can  mutate  these  sequences  and  test  the 
resulting  mutant  proteins  in  flies. 

Armadillo:dTCF,  a  bipartite  transcription  factor 

For  this  aim,  our  statement  of  Work  for  the  first  year  listed  the  following  goals 

1.  Construct,  introduce  into  flies  and  begin  to  test  effects  of  arm  mutants  with  C-termini  replaced  with  known 
activation  and  repression  domains. 

2.  Examine  genetic  interactions  between  gro,  wg  ,arm  and  dTCF  mutations. 

We  have  made  significant  progress  in  our  work  on  the  role  of  dTCF  as  a  repressor  of  Wg-responsive  genes  (Part  2 
of  the  Statement  of  Work  above),  in  collaboration  with  Amy  Bejsovec  of  Northwestern  and  Hans  Clevers  in  Utrecht. 
In  addition  to  the  preliminary  data  described  in  our  original  application,  we  found  that  dTCF  mutations  suppress  the 
segment  polarity  phenotype  of  a  second  arm  allele,  that  the  constitutive  repressor  form  of  dTCF  (dTCF_N)  represses 
expression  of  the  Wg-responsive  gene  En,  and  finally  that  expression  of  excess  dTCF  could  enhance  the  phenotype 
of  a  weak  allele  of  wg,  and  also  further  repress  expression  of  En  in  this  background.  Together  with  our  previous 
data,  these  data  strongly  support  a  model  in  which  dTCF,  when  not  bound  to  Arm,  acts  as  a  dose-sensitive  repressor 
of  Wg-responsive  genes. 

We  also  explored  the  idea  that  Groucho  may  act  as  a  repressor  of  Wg-responsive  genes  (part  2  of  the  Statement  of 
Work  above).  We  have  found  that  Drosophila  Groucho  can  bind  to  dTCF  when  they  are  co-expressed  in 
mammalian  cells,  and  that  it  can  antagonize  gene  activation  by  the  dTCF- Arm  complex.  Second,  we  have  found  that 
reduction  in  Groucho  dose  suppresses  the  segment  polarity  phenotype  of  wg  and  arm  mutations,  and  partially 
relieves  repression  of  the  Wg-responsive  gene  En.  Finally,  we  found  that  reduction  in  the  dose  of  Gro  reduces  the 
phenotypic  effect  of  the  constitutive  repressor  form  of  dTCF,  dTCF_N.  These  data  were  published  in  a  paper  in 
Nature,  with  partial  support  from  our  Army  grant .(Cavallo  et  al.,  1998;  a  reprint  is  included  in  the  Appendix).. 

We  also  have  explored  in  more  detail  the  role  of  Arm's  C-terminus  in  Wg  signaling  (Part  1  of  the  Statement  of 
Work  above).  Drosophila  melanogaster  Armadillo  and  its  vertebrate  homolog  B-catenin  play  multiple  roles  during 
development.  Both  are  components  of  cell-cell  adherens  junctions  and  both  transduce  Wingless/Wnt  intercellular 
signals.  The  current  model  for  Wingless  signaling  proposes  that  Armadillo  binds  the  DNA-binding  protein  dTCF, 
forming  a  bipartite  transcription  factor  which  activates  Wingless-responsive  genes.  In  this  model,  Armadillo's  C- 
terminal  domain  was  proposed  to  serve  an  essential  role  as  a  transcriptional  activation  domain.  However,  in 
Xenopus  overexpression  of  C-terminally  truncated  B-catenin  activates  Wnt  signaling  (e.g.,  Eunayama  et  al.,  1995), 
suggesting  that  the  C-terminal  domain  might  not  be  essential.  We  re-examined  the  function  of  Armadillo's  C- 
terminus  in  Wingless  signaling.  We  found  that  C-terminally  truncated  mutant  Armadillo  has  a  deficit  in  Wg 
signaling  activity,  even  when  corrected  for  reduced  protein  levels.  However,  we  also  found  that  Armadillo  proteins 
lacking  all  or  part  of  the  C-terminus  retain  some  signaling  ability  if  overexpressed,  and  that  mutants  lacking  different 
portions  of  the  C-terminal  domain  differ  in  their  level  of  signaling  ability.  Finally,  we  found  that  the  C-terminus 
plays  a  role  in  Armadillo  protein  stability  in  response  to  Wingless  signal,  and  that  the  C-terminal  domain  can 
physically  interact  with  the  Arm  repeat  region.  These  data  suggest  that  the  C-terminal  domain  plays  a  complex  role 
in  Wingless  signaling,  and  that  Armadillo  recruits  the  transcriptional  machinery  via  multiple  contact  sites,  which  act 
in  an  additive  fashion.  These  data  are  now  in  press  in  Genetics,  with  partial  support  from  our  Army  grant  (reprints 
are  not  yet  available  but  will  included  with  next  years  update). 

(7)  Key  research  accomplishments. 

a)  30-35  amino  acids  of  dTCF,  DE-cadherin  and  dAPC  1  and  dAPC2  are  each  sufficient  for  Armadillo  binding  in  the 
yeast  two-hybrid  system. 
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b)  Point  mutations  in  conserved  sequence  motifs  in  DE-cadherin  do  not  block  Armadillo  binding. 

c)  dTCF  represses  as  well  as  activates  Wingless  responsive  genes. 

d)  Groucho  acts  as  a  co-repressor  for  dTCF  in  repression  of  Wg-responsive  genes. 

e)  Armadillo's  C-terminus  plays  multiple  roles  in  Armadillo  function. 

(8)  Reportable  outcomes. 
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(9)  Conclusions. 

We  have  made  significant  progress  on  each  of  the  specific  aims.  We  have  focused  in  on  the  key  regions  of  dTCF, 
DE-cadherin,  dAPC  and  dAPC2  that  mediate  Arm  binding,  and  have  initiated  work  in  mammalian  cells,  in 
collaboration  with  our  colleagues  at  the  Weizmann  Institute.  We  anticipate  completing  the  initial  phase  of  this  work 
within  the  next  year.  We  have  also  begun  to  examine  the  sequence  requirements  for  nuclear  import,  using  a  simple, 
yeast  based  assay.  These  data  should  provide  a  basis  for  understanding  the  interaction  between  the  oncogene  6- 
catenin  and  its  mammalian  partners  in  both  normal  development  and  physiology,  and  during  oncogenesis. 

Our  work  on  dTCF  and  Groucho  resulted  in  a  publication  in  Nature.  This  work  has  stimulated  parallel  work  by 
others  on  vertebrate  Groucho  homologs,  which  have  been  revealed  to  play  a  role  in  TCF-mediated  repression  of  Wnt 
responsive  genes.  Understanding  the  mechanism  by  which  such  genes  are  repressed  will  provide  insight  into  the 
normal  and  abnormal  regulation  of  the  genes  responsible  for  oncogenesis  in  tumors  resulting  from  activation  of  the 
Wnt  pathway. 
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Appendix  I—  Figures 


Figure  1.  Conserved  regions  of  the  Arm-binding  region  of  cadherin- target  for  mutagenesis 

Minimal  region  for  binding  to  Armadillo  is  overlined 
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Fig.  3  Defining  the  Arm  binding  site  on  DE-cadherin.  A.  Diagram  of  mutations  induced  in  DE-cadherin.  All 
were  tested  in  die  context  of  the  full  length  cytoplasmic  tail  of  DE-cadherin.  B.  Results  of  6-galactosidase  assays, 
in  units.  pCK4,  the  empty  vector,  is  the  negative  control,  and  pCK4-DEC,  the  full  length  DE-cadherin  tail,  is  the 
positive  control. 
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Wingless/Wnt  signalling  directs  cell-fate  choices  during  embryo¬ 
nic  development1,2.  Inappropriate  reactivation  of  the  pathway 
causes  cancer3'5.  In  Drosophila,  signal  transduction  from  Wing¬ 
less  stabilizes  cytosolic  Armadillo1,  which  then  forms  a  bipartite 
transcription  factor  with  the  HMG-box  protein  Drosophila  Tcf 
(dTcf)  and  activates  expression  of  Wingless-responsive  genes6'8. 
Here  we  report  that  in  the  absence  of  Armadillo,  dTcf  acts  as  a 
transcriptional  repressor  of  Wingless-responsive  genes,  and  we 
show  that  Groucho  acts  as  a  corepressor  in  this  process.  Reduction 
of  dTcf  activity  partially  suppresses  wingless  and  armadillo 
mutant  phenotypes,  leading  to  derepression  of  Wingless-respon¬ 
sive  genes.  Furthermore,  overexpression  of  wild-type  dTcf 
enhances  the  phenotype  of  a  weak  wingless  allele.  Finally,  muta¬ 
tions  in  the  Drosophila  groucho  gene  also  suppress  wingless  and 
armadillo  mutant  phenotypes  as  Groucho  physically  interacts 
with  dTcf  and  is  required  for  its  full  repressor  activity. 

Mutations  of  Tcf-binding  sites  in  the  promoters  of  Drosophila 


Table  1  Genetic  interactions  between  arm ,  dTcf  and  gro 


Genetic  cross 

Per  cent  in  weakest  classes 

arm*P33IFM7  x+/y 

1  ( n  =  402) 

armXP33/FM7  xDf(4)M62f/* 

21  (n  =  559) 

armXP33/FM7  xDf[4)M63a/* 
armXP33/FM7  xcr/+ 

0(n  =691) 

13  (n  =318) 

arm*P33/FM7  xo“*/+ 

2  (n  =  353) 

armXP33/FM7  xdTCF’/* 

15  (n  =  350) 

arm*P33/FM7  x  dTCF3/* 

27  (n  =  299) 

armXP33/FM7  xdTCF 3I* 

23  (n  =  595) 

armXP33/FM7  xgroBX33/+ 

0  (n  =  159) 

arrrtXP33 /FM7  xgroE48/* 
armXP33/*\ qroB>&l*  x  qroaX33/* 

1  (n  =  151) 

8  (n  =  121) 

armXP33/+\groE4B/+  x  groE4B/+ 

12  (n  =  378) 

armXP33l+-,groB*33/  +  x  armXP33 

10  (n  =  132) 

armYD3S/FM7  x*/y 

14  (n  =  171) 

armYD3S/FM7  xdTCF3/* 

46  (n  =321) 

armYD35/FM7  xdTCF3/* 

42  (n  =  353) 

armYD35/FM7  xgroBX33!* 
armYD35/FM7  xgro E48/* 
armYD3S l+\groBX33 1*  xqroBX33 /* 

10  (n  =  169) 

17  (n  =  196) 

46  (n  =  183) 

armYD3S  l*-,groEta  1+  xgroE4a/+ 

35  (n  =  1 69) 

armXM'3/FM7  x  +/y 

3  (n  =  214) 

arm*M,s/FM7  xdTCF3 /* 

46  (n  =291) 

armXM,3/FM7  xdTCF3/* 

43  ( n  =  305) 

wg^/CyO  x  UAS-dTCF/+;  Df(2)DE/* 

99  (n  =  216) 

wgm E22C/++  x  UAS-dTCF/+;  Df(2)DE/* 
\Ngcx>E21C./**\groBX2Z /*  male  x 

47  ( n  =  308) 

UAS-dTCF/+;  Df(2)DE/+ 
wgc*'E22C/++;  gro 3X32 /*  female  x 

49  (n  =415) 

UAS-dTCF/+;  Df(2)DE/+ 

94  (n  =  223) 

E22C-GAL4/+  x  UAS-dTCF-AN  (line  5) 

3  (n  =  259) 

groE48/*]  E22C-GAL4/+  x  dTCF-AN  ( line  5) 

97  ( n  =  206) 

E22C-GAL4/+  X  dTCF-AN  ( line  1) 

3  (0  =  216) 

groEts/*-,  E22C-GAL4/+  x  dTCF-AN  (line  1) 

93  (n  =  231) 

Cuticles  were  scored  using  the  criteria  in  ref.  15.  In  each  case,  we  calculated  the  percentage 
of  embryos  in  the  two  least  severe  phenotypic  categories. 
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Ultrabithorax  ( Ubxf  or  Xenopus  siamois*  reduce  the  level  of  gene 
expression  in  the  normal  expression  domain  of  the  animal,  as 
expected  for  perturbation  of  a  transcriptional  activator.  Surpris¬ 
ingly,  however,  these  mutations  also  result  in  ectopic  gene  expres¬ 
sion  outside  the  normal  domain.  This  led  to  the  proposal  that  Tcf 
proteins  may  act  as  repressors7,9.  We  have  tested  this  hypothesis  and 
found  that  dTcf  can  function  as  either  an  activator  or  a  repressor  of 
Wingless  (Wg)-responsive  genes  depending  on  the  state  of  the  Wg 
signalling  pathway  and  thus  the  availability  of  Armadillo  (Arm), 
dTcf’s  coactivator. 

Reducing  the  level  of  zygotic  dTcf,  by  making  embryos  hetero¬ 
zygous  for  a  null  dTcf  mutation8,  suppresses  the  segment  polarity 
phenotype  that  is  a  consequence  of  a  wg  null  allele  (Fig.  la,  b), 
consistent  with  a  repressive  function  for  dTcf.  Indeed,  the  pre¬ 
viously  described  dTcf  null  mutations8  were  isolated  as  dominant 
suppressors  of  wfLn*  (A.B.,  unpublished  observations).  Although 
the  function  of  maternal  dTcf  has  not  been  determined,  we  saw  no 
difference  in  suppression  of  wg  mutations  when  the  mutant  dTcf 
allele  was  derived  from  the  mother  or  the  father.  This  indicates  that 
little,  if  any,  maternal  dTcf  participates  in  the  repressive  effect. 
Complete  loss  of  zygotic  dTcf  suppresses  the  wg  cuticle  pattern 
defect  even  more  substantially  (Fig.  lc),  wg,  dTcf  double  mutant 
embryos  are  larger  and  exhibit  a  greater  variety  of  cell  types.  The 
double  mutant  phenotype  closely  resembles  the  dTcf  zygotic  null 
phenotype  (Fig.  Id),  supporting  the  idea  that  the  dTcf  single  mutant 
lacks  both  repressor  and  activator  function  and  therefore  should  be 
insensitive  to  the  removal  of  Wg,  the  upstream  activator. 

To  determine  whether,  in  the  absence  of  Wg  activity,  dTcf 
normally  represses  Wg  target  genes,  we  studied  the  Wg-responsive 
gene  engrailed  (en),  which  is  expressed  in  epidermal  cells  just 
posterior  to  the  wg-expressing  row10-12  and  is  dependent  on  Wg 
activity  for  maintenance  of  expression13,14,  wg  null  mutants  com¬ 


pletely  lose  epidermal  en  expression  before  stage  10  (Fig.  le),  but  in 
homozygous  wg  embryos  that  are  heterozygous  for  dTcf,  some  cells 
maintain  en  expression  (Fig.  If).  Homozygous  wg,  dTcf  mutants 
maintain  more  en  expression  than  heterozygous  mutants  (Fig.  lg), 
similar  to  that  observed  in  dTcf  zygotic  null  mutants8.  This 
corroborates  a  repressive  role  for  dTcf  in  cells  in  which  the  Wg 
signalling  pathway  is  not  active.  Thus  the  severe  phenotype  of  a  wg 
null  mutant  reflects  the  loss  of  activation  by  Arm-dTcf  while 
repression  by  dTcf  remains  intact.  In  contrast,  both  activation 
and  repression  are  affected  in  a  dTcf  zygotic  null  embryo,  resulting 
in  less  severe  disruption  of  the  cuticle  pattern  and  Wg-responsive 
gene  expression. 

We  further  established  that  a  reduction  in  Arm  levels  causes  dTcf 
to  act  as  a  repressor.  A  dose-sensitive  screen  for  suppressors  of 
arm™33  (R.T.C.  and  M.P.,  unpublished  observations)  revealed 
interactions  of  arm™33  with  dTcf  that  were  similar  to  those  between 
wg  and  dTcf.  Embryos  zygotically  mutant  for  arm™33  show  a  strong 
polarity  phenotype15,  characterized  by  reduced  size,  a  lawn  of 
denticles  and  missing,  htad  structures  (Fig.  lh,  i).  Heterozygosity 
for  the  entire  fourth  chromosome  or  for  the  chromosomal  deletion 
Df(4)M62f  suppresses  arm  mutations  whereas  heterozygosity  for 
Df(4)M63a  does  not.  Two  genes  in  the  suppressing  region,  ci  and 
dTcf,  are  required  for  normal  segment  polarity;  ci  acts  in  Hedgehog 
signalling16,17.  Two  dTf  null  alleles  strongly  suppress  the  arm™33 
mutation  (Fig.  lj,  k),  as  does  ciD,  a  ci  dTf  double  mutant,  whereas 
cf‘li,  a  putative  ci  null,  does  not.  Suppression  is  not  allele-specific; 
dTf  suppresses  the  zygotic  null  armYD3S  (Fig.  11,  m)  and  the 
moderate  hypomorph  arm 10419  (Table  1). 

We  previously  constructed  a  dTcf  molecule  (dTcf-AN),  lacking 
the  putative  Arm-binding  domain,  that  antagonizes  Wg  signalling 
when  ubiquitously  expressed  during  embryogenesis8.  The  antagon¬ 
ism  depends  on  expression  level,  ranging  from  a  weak  phenotype, 


wgCX4;  dTCF3  armXP33;  dTCF3l+ 


dTCF3 


Wild-type 


Figure  1  dTcf  is  a  dose-dependent  suppressor  of  wg  and  arm.  In  all  photographs, 
anterior  is  to  the  left,  a,  wgCXi  null  homozygote,  b,  wgCX4',dTcf3/+  embryos  show 
partial  suppression  of  the  wg  phenotype  (n  >  100).  c,wgCX4;dTcf3  embryos  show 
more  extensive  suppression  (n  >  300).  d,  dTcf 3  homozygotes  resemble 
wgCX4;dTcf3.  e,  wgCX4  mutant  embryos  lose  epidermal  En  antibody  staining  (En 
staining  in  nervous  system  is  below  the  plane  of  focus).  The  arrowhead  indicates 


the  posterior  ventral  midline,  f,  wgCX4\dTcf3/+  embryos  retain  some  En-staining 
cells  ( n  >  100).  g.  En  is  further  derepressed  in  wgCX4',dTcf3  double  homozygotes 
[n  >  200).  h,  Wild-type  embryo  (h-m  are  at  the  same  magnification,  lower  than 
that  in  a-g).  i,  armXP33IY.  j,  armXP33l\-,dTcfil+,  and  k,  armXP33lY-,dTcf3l+  show 
partial  suppression  of  the  amT*P33/Y  phenotype.  I,  armYD35/ Y.  m,  armYD3S/ Y;  , 
dTcf3/+  shows  substantial  suppression  of  the  armVD3slY  phenotype. 
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UAS-dTCF-AN  (low)  wgD£/wgcx 4 


Figure  2  dTcf  represses  Wg-responsive  genes,  a-f,  dTcf-AN  is  a  constitutive 
repressor,  a,  A  UAS-dTcf-AN  construct  without  a  Gal4  driver  produces  a  wild-type 
phenotype.  UAS-dTcf-AN  expressed  ubiquitously  with  E22C-GAL4  produces  b, 
moderate  to  c,  severe  segment  polarity  phenotypes,  d,  Normal  En  antibody 
staining  in  a  stage  10  embryo  containing  UAS-dTcf-AN  without  a  Gal4  driver.  The 
arrowhead  indicates  the  posterior  ventral  midline.  UAS-dTcf-AN  expressed 
ubiquitously  reduces  (e)  or  eliminates  (f)  epidermal  en  expression,  g-l,  Wild- 


type  dTcf  acts  as  a  repressor  when  Wg  signalling  is  limited,  g,  Ubiquitous  UAS- 
dTcf  changes  the  wild-type  cuticle  pattern  only  subtly,  h,  Df(2)DE/wgCX4  embryos 
show  a  weak  wg  phenotype,  i,  Ubiquitous  UAS-dTcf  expression  in  DffflDE/wg044 
embryos  results  in  a  severe  wg  phenotype,  j,  Ubiquitous  UAS-dTcf  does  not 
disrupt  wild-type  en  expression.  k,Df(2)DE/wgcx 4  embryos  show  slightly  reduced 
En  staining.  I,  En  staining  in  Df(2)DE/wgcx 4  embryos  is  repressed  by  ubiquitous 
UAS-dTcf. 


similar  to  that  produced  by  the  dTcf  zygotic  null  allele  (Fig.  2a,  b),  to 
a  strong  phenotype  resembling  that  resulting  from  a  wg  null  allele 
(Fig.  2c).  Ubiquitous  dTcf-AN  expression  also  reduces  en  expres¬ 
sion;  the  normal  epidermal  En  stripe  (Fig.  2d)  is  reduced  to 
scattered  en-expressing  cells  (Fig.  2e)  or  is  completely  repressed 
(Fig.  2f),  mimicking  wg  loss  of  function.  Full-length  dTcf  does  not 
have  this  effect  (Fig.  2g).  Thus,  dTcf-AN,  lacking  the  Arm-binding 
region,  acts  as  a  constitutive  repressor.  This  reconciles  our  results 
with  those  of  ref.  6,  in  which  dTcf  mutations  were  isolated  as 
suppressors  of  wg  hyperactivity.  These  dTcf  alleles  contained 
amino-terminal  missense  mutations  which  reduced  Arm-binding6, 
and,  thus,  should  selectively  disrupt  dTcf’s  activation  function  but 
leave  intact  its  repressive  function. 

Thus  the  difference  between  dTcf  in  its  role  as  activator  versus 
repressor  seems  to  reflect  a  balance  between  dTcf  with  and  without 
Arm.  Overexpression  of  full-length  dTcf  in  a  normal  embryo  does 
not  antagonize  Wg  signalling  (Fig.  2g,  j).  Flowever,  when  levels  of 
Arm  are  reduced  by  limiting  Wg  activity,  similar  overexpression  of 
full-length  dTcf  represses  Wg  target  genes.  We  lowered  Wg  activity 
by  using  Df(2)DEw,  which  removes  part  of  the  wg  regulatory  region 
(A.B.,  data  not  shown);  Wg  signalling  is  reduced  but  still  specifies 
many  wild-type  pattern  elements  (Fig.  2h)  and  stabilizes  some 
epidermal  en  expression  (Fig.  2k).  Overexpression  of  full-length 
dTcf  in  these  embryos  both  eliminates  wild-type  pattern  elements 
(Fig.  2j)  and  represses  en  expression  (Fig.  21).  As  overexpression  of 
dTcf  has  no  effect  on  en  expression  in  wild-type  embryos  (Fig.  2j), 
we  conclude  that  whether  dTcf  acts  as  an  activator  or  a  repressor 
depends  on  the  level  of  Wg  signalling  and  probably  on  the  amount 
of  available  Arm. 

In  cultured  mammalian  cells,  dTcf  alone  does  not  repress 
transcription  of  reporter  genes8.  Thus,  it  seemed  likely  that  dTcf 
requires  a  corepressor,  as  it  requires  Arm  as  a  coactivator.  We  have 
found  that  Tcf-1  binds  to  vertebrate  Grg  family  members,  homo- 
logues  of  Drosophila  Groucho  (Gro),  a  known  corepressor19.  We 
therefore  tested  whether  Drosophila  Gro  binds  dTcf  (Fig.  3).  When 
we  expressed  the  N-terminal  region  of  Drosophila  Gro  (amino  acids 
1-181)  in  COS  cells,  it  localized  to  the  cytoplasm  (Fig.  3a). 


0  Mock  » 
dTCF  +  control  Sf" 
dTCF  +  0.5  Gro  Sfe? 
dTCF  +  5.0  Gro  !- 
dTCF  +  Arm  5" 
dTCF  +  Arm  mm 
+  0.5  Gro 
dTCF  +  Arm  mm 
+  5.0  Gro 


4  12  20  28  36 

Relative  luciferase  units 


Figure  3  dTcf  interacts  with  Drosophila  Gro.  a.  A  Myc-tagged  N-terminal  fragment 
of  Gro  protein  (amino  acids  1-181)  localizes  to  the  cytoplasm  of  COS  cells.  Co¬ 
transfection  with  b,  human  Tcf-1  ore,  Drosophila  Tcf  results  in  nuclear  localization 
of  Gro(1  -181 ).  d,  Arm-dTcf-mediated  transactivation  of  a  dTcf  reporter  gene  is 
repressed  by  Gro.  IIAI.6  B  cells  were  transfected  with  the  indicated  expression 
plasmids.  Shaded  bars  indicate  luciferase  activity  of  pTKTOP,  a  reporter  plasmid 
containing  three  optimal  dTcf-binding  sites  upstream  of  the  minimal  HSV-TK 
promoter;  unshaded  bars  indicate  activity  of  pTKFOP,  a  similar  construct  with 
mutated  dTcf-binding  sites. 


Coexpression  of  either  human  Tcf-1  (Fig.  3b)  or  dTcf  (Fig.  3c) 
results  in  the  localization  of  Gro(l— 181)  to  the  nucleus,  consistent 
with  a  physical  association  between  the  proteins.  Full-length  Gro  is 
constitutively  nuclear  (data  not  shown),  and,  as  such,  is  not 
informative  in  this  assay.  The  nuclear  recruitment  of  Gro(l-181) 
by  dTcf  is  very  similar  to  the  recruitment  of  (3-catenin20,  a  known 
Tcf-binding  partner.  We  then  determined  whether  the  dTcf-Gro 
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association  has  functional  consequences  (Fig.  3d).  We  transfected 
IIAI.6  B  cells  with  reporter  genes  containing  dTcf-binding  sites 
upstream  of  the  thymidine  kinase  (TK)  promoter.  Expression  of 
dTcf  alone  leads  to  very  little  reporter  activation,  whereas  coex¬ 
pression  of  dTcf  and  Arm  leads  to  robust  activation8.  Expressing 
Drosophila  Gro  results  in  a  dose-sensitive  reversal  of  coactivation 
(Fig.  3d),  again  consistent  with  a  physical  interaction. 

To  determine  if  Gro  acts  as  a  corepressor  in  vivo,  we  tested 
whether  gro  mutants  interact  genetically  with  the  Wg  signalling 
pathway.  Drosophila  Gro  acts  as  a  corepressor  for  several  transcrip¬ 
tion  factors  and  is  essential  for  dosage  compensation,  early  seg¬ 
mentation  and  neurogenesis21.  These  pleiotropic  effects  would 
obscure  later  effects  on  epidermal  patterning  by  the  Wg  pathway. 
However,  as  with  dTcf,  we  find  that  gro  mutations  show  dose- 
sensitive  interactions  with  both  wg  and  arm.  Reducing  the  dose  of 
maternal  Gro  suppresses  the  ivy  null  phenotype,  whereas  reduction 
of  paternal  Gro  has  no  effect  (Fig.  4a,  c).  Zygotic  reduction  does  not 
substantially  increase  rescue  of  the  wg  null  phenotype  (Fig.  4e). 
Suppression  of  this  phenotype  correlates  with  partial  derepression 
of  epidermal  en  expression  (Fig.  4b,  d).  Reduction  of  both  maternal 


and  zygotic  Gro  also  strongly  suppresses  arm  phenotypes  (Fig. 
4k-o),  whereas  reduction  of  zygotic  Gro  alone  does  not.  Two  other 
aspects  of  the  gro  phenotype  support  a  function  for  Gro  in  Wg 
signalling.  First,  some  zygotically  mutant  gro  embryos  retain  suffi¬ 
cient  ventral  epidermis  to  secrete  a  cuticle  pattern  exhibiting  subtle 
patterning  defects,  consistent  with  mild  Wg  hyperactivation  (Fig. 
4f).  Second,  gro  zygotic  mutants  show  expanded  en  expression22,  as 
seen  when  Wg  is  hyperactivated23. 

If  dTcf  and  Gro  act  together  to  mediate  repression,  dTcf  repres¬ 
sion  should  require  Gro.  We  thus  tested  whether  a  reduction  in  Gro 
dosage  diminishes  dTcf’s  effectiveness  as  a  repressor.  Excess  dTcf 
represses  Wg  target  genes  in  weak  wg  mutant  embryos  (Fig.  2i,  k,  1). 
However,  when  maternal  Gro  levels  are  reduced,  dTcf  repression  is 
decreased  significantly  (Fig.  4g,  h).  Gro  also  mediates  the  repression 
produced  by  dTcf- AN,  which  lacks  the  Arm-binding  region  but 
retains  the  putative  Gro-binding  site19.  Ectopic  expression  of  dTcf- 
AN  in  wild-type  embryos  antagonizes  Wg  signalling.  Reduction  in 
maternal  Gro  levels  significantly  reduces  the  ability  of  dTcf-AN  to 
act  as  a  repressor  (Fig.  4i,  j  and  Table  1). 

Our  data  indicate  that  dTcf  has  a  negative  as  well  as  a  positive 
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Figure  4  Gro  acts  together  with  dTcf  to  repress  Wg-responsive  genes,  a.  b,  A  overexpression  in  Df(2)DE/wgCX4  embryos  produces  a  strong  wg-like  phenotype, 

reduction  in  levels  of  zygotic  Gro  alone  has  no  effect:  wgCX4-,groBX22/+  embryos  even  when  embryos  are  zygotically  gro  /+  (g,n  >  100),  but  not  when  embryos  are 

from  groSX22/+  fathers  are  indistinguishable  from  wg  null  mutants  in  cuticle  maternally  gro /+ (h,  209  of  223  embryos  resemble  Df(2)DE/wgCX4  embryos).  I,  j, 

pattern  (a,  n  >  100)  and  en  expression  (b,  ventral  view,  stage  13  wg  mutant).  Ubiquitous  dTcf-AN  produces  a  moderate  segment  polarity  phenotype  (i),  which 

c,  wgCX4]groBX22 /+  embryos  from  groBX22/+  mothers  show  suppression  (203  of  is  suppressed  in  embryos  with  gro/+  mothers  (j)-  k-o,  Heterozygosity  of  gro 

207  embryos),  d,  both  wgcxi\groBX2Z /+  embryos  from  groBX22/+  mothers  and  substantially  suppresses  arm  mutations,  k,  armXP33I Y  and  I,  arm™5/ Y  embryos 

wg^4 ■,  groEW lgroBX2!  embryos  (shown)  maintain  ventral  epidermalen  expression.  show  a  strong  segment  polarity  phenotype,  m,  arm?’’33 IY\groBX2! !+,  n, 

e.wg^igro648 lgroBX!!  shows  similar  rescue  of  pattern  elements  compared  with  armXP33l'Y;gro£4al+,  and  o,armr035/Y;gro£4Sl+,  all  from  arm  ancj  gro  heterozygous 

wg  mutants,  f ,  groE4e /groBX!2  embryos  show  subtle  pattern  alterations,  g,  h,  dTcf  mothers,  show  suppression  of  the  strong  segment  polarity  phenotype. 
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function  in  transcriptional  regulation,  and  that  Gro  acts  in  a  repressor 
complex  with  dTcf.  This  dual  regulatory  role  may  be  conserved  in 
vertebrate  Wnt  signalling9'19.  Therefore,  we  propose  that  the  balance 
between  the  activity  of  Gro  and  Arm  controls  cell-fate  choice  by 
the  Wnt  pathway  in  both  vertebrates  and  invertebrates.  □ 


Methods 

Fly  stocks  and  crosses.  Cuticle  preparations  and  antibody  stainings  were 
performed  as  described24.  In  Figs  1,  2  and  4,  genotypes  were  assigned  by 
comparing  the  frequencies  of  phenotypic  classes  with  expected  genotypic 
frequencies;  these  data  are  summarized  in  Table  1.  For  arm,  suppression  was 
documented  by  ranking  embryos  in  weak  to  strong  phenotypic  categories  and 
calculating  ratio  of  embryos  in  weak  categories.  ivgCX4  is  a  molecular  null 
allele25;  Df(2)DEls  is  a  wg  hypomorph  (A.B.,  unpublished  observations); 
arnf is  a  strong  hypomorph;  arm 57,35  is  a  null  allele15;  both  dTcf  mutations 
used  are  molecular  null  alleles8;  grom  is  a  putative  null  point  mutation21;  groBX22 
lacks  gro  and  several  neighbouring  genes  in  the  Enhancer  of  split  complex26.  Gal4 
and  UAS  transgene  stocks  have  been  described8.  i 

Mammalian  cell  culture.  Vector  alone  (pCDNA3),  hTcf-1  or  dTcf  and  Myc- 
epitope-tagged  Gro(l-181)  constructs  (with  a  ratio  of  10:1)  were  introduced 
into  COS  cells  by  diethyl  aminoethyl-dextran  transfections.  Cells  were  prepared 
for  immunohistochemistry  using  an  anti-Myc-antibody.  2  X  106  IIAI.6  B  cells 
were  transfected  by  electroporation  with  1  pg  dTcf  luciferase  reporter  plasmid 
(pTKTOP)  or  its  negative  control  containing  mutated  dTcf  sites  (pTKFOP)19. 
These  were  co-transfected  with  2  pg  dTcf  expression  vector,  0.5  or  5.0  pg  Gro 
expression  plasmids  and  0.5  pg  Arm  expression  plasmid,  balanced  to  equal 
plasmid  amounts  with  pCDNA3.  Luciferase  activity  was  corrected  by  chlor¬ 
amphenicol  acetyltransferase  (CAT)  activity19.  Luciferase  and  CAT  activities 
were  determined  as  in  ref.  8. 
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